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Ferromagnetic resonance properties of Fi/f/F 2 /AF multilayers, where weakly ferromagnetic 
spacer f is sandwiched between strongly ferromagnetic layers Fi and F 2 , with Fi being magnet¬ 
ically soft and F 2 - magnetically hard due to exchange pinning to antiferromagnetic layer AF, are 
investigated. Spacer-mediated exchange coupling is shown to strongly affect the resonance fields 
of both Fi and F 2 layers. Our theoretical calculations as well as measurements show that the key 
magnetic parameters of the spacer, which govern the ferromagnetic resonance in Fi/f/F 2 /AF, are 
the magnetic exchange length (A), effective saturation magnetization at T = 0 (mo), and effective 
Curie temperature (T^). The values of these key parameters are deduced from the experimental 
data for multilayers with f = NKCuioo-x, for the key ranges in Ni-concentration (x = 54-^70 at. %) 
and spacer thickness (d = 3 T 6 nm). The results obtained provide a deeper insight into thermally- 
controlled spin precession and switching in magnetic nanostructures, with potential applications in 
spin-based oscillators and memory devices. 

PACS numbers: 76.50.-l-g, 75.30.Et, 75.70.-i, 85.70.Kh 


I. INTRODUCTION 

Spin valves, whose central functional part contains two 
ferromagnetic layers (Fi, F2) separated by a nonmag¬ 
netic spacer, have been the foundation for a wide range 
of applications in nanoelectronics and spintronicsii^— Re¬ 
cent studies have demonstrated that incorporation of di¬ 
luted ferromagnetic layer (f) instead of the nonmagnetic 
spacer layer may expand the functionality of the spin 
valves, yielding nanostructures with thermally-controlled 
magnetic properties, of Fi/f/F2 generic type 4 “— In such 
structures, the exchange coupling between strongly ferro¬ 
magnetic outer layers F1 and F2 depends on whether the 
temperature is higher or lower than the effective Curie 
temperature of the spacer (Tg®). At low temperatures, 
T < T/®, the direct exchange interaction through the 
spacer in its ferromagnetic state favors the parallel ori¬ 
entation of the magnetic moments Mi and M2 of the 
outer layers, Fi and F2. At high temperatures, T > T/®, 
Ml and M2 are exchange decoupled and their orienta¬ 
tions can be changed independently by applying a suit¬ 
able external magnetic field, H. Thus, a variation in tem¬ 
perature and/or field can produce switching between the 
parallel (P) and antiparallel (AP) mutual orientations of 
Ml and M2 in the system^iS 

The key element in the Fi/f/F2 sandwich described 
above (the so-called Curie-switch or Curie-valve) is the 
weakly ferromagnetic spacer, f, which should have a nar¬ 
row ferromagnetic-to-paramagnetic transition and have 
the T/® value tunable in fabrication. Diluted ferromag¬ 
netic alloys, such as Ni-Cu, is the natural choice for the 
spacer material, since the Curie temperature of bulbil as 
well as filroii^— samples of Ni2,Cuioo-x alloys depends 
almost linearly on Ni concentration. 

The experiments described in Refs. H and^ confirmed 
the concept of temperature-controlled P to AP switch¬ 
ing in nanostructures Fi/f/F2, in particular containing a 


Ni,jCuioo-x (x = 35 -F 72 at. %) spacer enclosed by an 
exchange-pinned CogoFeio layer and a free NigoFego (Py) 
layer: Py/Nia;Cuioo-a:/CogoFeio/Mn8oIr2o (hereinafter- 
Fi/f/Fg/AF, AF denoting antiferromagnetic Mngglrgo). 
Since the earlier work primarily aimed at understanding 
the switching effect itself, little attention was paid to the 
effect of the spacer-mediated exchange on the ferromag¬ 
netic resonance in the structure. 

This work investigates the magnetic resonance prop¬ 
erties of the Curie-switch, experimentally and theoreti¬ 
cally, aiming at understanding the mechanisms involved 
and obtaining the intrinsic physical parameters governing 
the spin dynamics in the system. 


II. THEORY 

Consider an Fi/f/Fg/AF multilayer outlined above, 
where a weakly ferromagnetic spacer (f) is sandwiched 
between magnetically soft (Fi) and hard (Fg) layers, with 
F2 exchange pinned by an antiferromagnetic layer (AF). 
The thicknesses of Fi, Fg and f are h, I2, and d, respec¬ 
tively. 

Our calculations of the magnetic resonance fields will 
assume that Fi and Fg are single domain. For small 
layer thicknesses and strong exchange interaction, in the 
weak excitation limit typical of ferromagnetic resonance 
(FMR) experiments, this assumption is well justifiedJ^ 
Spacer f with magnetization m provides a relatively weak 
coupling between the outer ferromagnets, Fi and Fg. The 
analysis aims to determine the effect of this interlayer 
exchange coupling, variable in strength as a function of 
temperature, on the FMR. 

We use the classical Landau-Lifshitz approac h^^d'^ to 
describe the Fi/f/Fg/AF multilayer and focus on the case 
where the quasistatic external field H and the alternating 
field h are in the him plane. Axes Ox and Oy are directed 
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FIG. 1. (Color online) Schematic of Fi/f/F 2 /AF multilayer 
and chosen coordinate system in FMR measurements. 


along H and h, respectively (Fig. [T]). With Oz perpen¬ 
dicular to the film plane, the magnetization vectors of Fi 
and F 2 can be expressed as 

Mi = Mi (sin di cos (/Ji, sin 0i sin cos 0i), (1) 

where i = 1,2; Mi is the saturation magnetization of i- 
th layer; Oi and (pi are the polar and azimuthal angles, 
respectively. 

The exchange bias between F 2 and AF can be mod¬ 
elled using an effective biasing field Mb acting only on 
magnetization M 2 .— It will be shown below that for fully 
describing the FMR-effects of interest in this work, it is 
sufficient to consider only two cases, for which the exter¬ 
nal field H is either parallel or antiparallel to Mb. Corre¬ 
spondingly, the value of Mb can be either positive (</> = 0 
in Fig. [T|) or negative {cj) = tt) along the biasing axis. 

The magnetic energy of the *-th ferromagnetic layer in 
the above geometrical notations is 

IF. = Skw^ , (2a) 


prevent the magnetization vector from strongly deviating 
from the xOy plane. In this case, 9i can be represented 
as 9i = 7r/2 -|- e., where |ei| <C I. 

In the small-signal approximation relevant for FMR, 
the magnetization vectors of Fi and F 2 are nearly aligned 
with the Ox axis (the easy axis, also the direction of ex¬ 
ternal field M) and perform only weak oscillations near 
the ground state under the microwave excitation h. This 
means that \(fi\ -C 1. The limits of validity of this ap¬ 
proximation will be discussed in the experimental section 
below. 

In the above small-signal thin-film approximation, the 
magnetic energy density of the system becomes 


w, = -M,H, + (dTTMf + MM.)e2/2 

-k M,H,ifl/2 - M,h(pi . (3) 

F 1 and F 2 are exchange coupled through a weakly fer¬ 
romagnetic spacer f. The case where the spacer is highly 
magnetically diluted and nominally (in the bulk) is para¬ 
magnetic was considered in Ref. |^, with the interlayer ex¬ 
change mediated via induced proximity ferromagnetism. 
Here we consider the case where the spacer is diluted 
such that it is nominally ferromagnetic and can mediate 
direct exchange between the outer ferromagnetic layers, 
with the exchange coupling strength being a steep func¬ 
tion of temperature near the Curie point of the spacer. 

We denote the temperature dependent saturation mag¬ 
netization of the spacer as m. Assuming again that the 
magnetization is uniform in the xOy plane, the spacer 
energy density can be written as 



-I- sin^ 9 
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Mrncos(/?sin0 — hmsin0sin(/j , (4) 


Wi = 2'KMi cos^ 9i — MiHi cos pt sin 9i 

— MihsuYpiSUY9i , (2b) 

where S is the area of the film surface, Wi is the i-th layer 
energy density. Mi = M, and M 2 = M -|- Mb. The first 
terms in Eq. (I2bl) originates from demagnetizing energy, 
while the second and third terms describe the energies 
of the interaction of the layers’ magnetizations with the 
quasi-static M and alternating h external magnetic helds, 
respectively. 

To simplify the equations, let us recall that in the case 
of a thin film, its high out-of-plane demagnetization fields 


where a is the constant of exchange interaction, 9 and 
If are polar and azimuthal angles, respectively, of the 
spacer magnetic moment m, is the magnetostatic 
field in the system. 

The value of the magnetostatic field can be easily 
derived from Maxwell’s equation: divB = div(Hm + 
47rm) = 0. Since both the magnetization and therefore 
magnetostatic field depend only on one special variable, 
z, the magnetostatic field becomes: = —A'KmzGz = 

—47rm cos 06^, where is the unit vector along the z 
axis. 

Taking into account Eq. the Landau-Lifshitz equa¬ 
tions in the angular form become 
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The new dimensionless variables, normalized to the char¬ 
acteristic length and time in the problem, introduced in 
Eqs. (I5a1l and (I5bll are ^ = z/d and r = where t 

is the time and 7 is the gyromagnetic ratio. A = 
is the magnetic exchange lengthJ^ 

If the spacer thickness d is much smaller than the 
magnetic exchange length A {d A), the right side in 
Eqs. ((5a1) and (I5bll becomes a small correction, which in 
the first approximation can be neglected. 

As a result, only the exchange terms survive: 
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The solution, which satisfies the requirement of con¬ 
tinuity of the polar and azimuthal components at the 
interfaces between the layers, has the form: 


The resulting magnetic energy of the spacer is 


W = SJ[{pi-p2)^ + {ei-e2f]/2, ( 8 ) 


where J = am?/d = AirA^m^/d. 

To determine the resonance conditions for the layered 
system under consideration, we express the Lagrange 
function in terms of the angle: 


L — p ^ [ Sli Si .... W-1 


i=l 


7 dt 
+ J [{pi - P 2 Y + (ei 


e2f]/2. (9) 


p{z) =P 2 + {Pl - P 2 )zld, 
e{z) = £2 + (£1 - £ 2 )zld, 

0 < z < d. 


( 7 ) 
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The variational equations following from Eg. ([9]) are 
equivalent to the Landau-Lifshitz equations: 
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where hi = J/AIili = am^/dMili = AirA'^m'^/dMili. 
Here, = w/ 7 , lo = 27r/, 7 is the gyromagnetic ra¬ 

tio, hi is the characteristic field of exchange interaction 
between the layers. 

The characteristic fields of the resonance modes of 


the collective spin dynamics in the system are found by 
equating the determinant of matrix (HOI) to zero. This 
results in two branches in the functional form of 

The first resonance branch, corresponding to the reso¬ 
nance field of Fi, has the form: 


Hi = {H,i + hi){A^Mi +H,i + hi)- hih2 


1 - 


{2tiMi + H,i){2ttM2 + H,i) 


— hih2 


2t:H,i{M 2 - Ml) 

Hi, 47r [7r(A/2 + Mi) + H,i] {M 2 - M? - {2ttAIi + H,i){2ttM 2 + H,i) 


Hr 


[271 {M 2 -Mi)y 


( 11 ) 


The value of Hri depends on whether the external mag¬ 
netic field is parallel (tt) or antiparallel (fi) to the ex¬ 
change bias field Hi,. It is easy to show that the difference 
in the resonance fields, AH,! = hJI — hJI, has the form: 


where Hri is the external field producing FMR in F 1 [see 
Fig. [2] (a)]. Only terms of order not higher than quadratic 
in ki were kept in Eq. m- 
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^ (27rMi + ijo ) [2^(M2 - Mi)]2 


( 12 ) 


where + hJ^)/2 = ^{2^M^Y + - 

2'kMi — hi. 

It follows from Eq. m that AH^i is proportional to a 
product of hi/i 2 . This means that AH^i sharply changes 
in the vicinity of the Curie point of the spacer as a result 
of the sharp increase in m at the para-to-ferromagnetic 
transition (see Eq. CQl). Expectedly, AHj^i goes to zero 
as T increases above the Curie point of the spacer. In this 
high-T limit, there is no coupling between Fi and F 2 , and 
Eq. (fTTI) describes the resonance field of the decoupled 
soft outer ferromagnet Fi. 

To find the resonance fields for F 2 , we keep only terms 
of the order not higher than linear in hi. The results for 
H^2 ^t2 

= y/i2TTM2Y + HI - 27rM2 - ^2 - Efb, 

= v'(2^M2)2 + Hi - 27rM2 - /12 + Hb- (13) 

Again, sharp changes in H ^2 H ^2 expected in 

the vicinity of the Curie point of the spacer. At high 
temperatures where /12 —)• 0, the difference between H ^2 
and naturally becomes 2iJb- 

It follows from Eq. (TT^ that for sufficiently high values 
of M 2 and h 2 , the branch can fall into negative fields, 
where it cannot be observed experimentally. 

III. EXPERIMENT 
A. Samples and measurements 

The experiments were carried out on two sets of 
multilayered samples, in which either the spacer thick¬ 
ness, d, or its composition, x, were varied. The 
first set was Py(10 nm)/Ni54Cu46(d)/Co9oFeio(5 nm)/ 
Mn 8 oIr 2 o (12 nm) (hereinafter - Fi/Ni 54 Cu 46 (d)/F 2 /AF) 
with the spacer thicknesses d = 3, 4.5, and 6 nm. The 
second set was Py(10 nm)/Ni 2 ,Cuioo-x (6 nm)/Co 9 oFeio 
(5 nm)/Mn 8 oIr 2 o (12 nm) (hereinafter ~ Fi/Ni^jCuioo-x (6 
nm)/F 2 /AF), with x = 54, 62 and 70 at.%. The multi¬ 
layers were deposited at room temperature on thermally 
oxidized silicon substrates using magnetron sputtering in 
an AJA Orion 8-target system. The exchange pinning 
between the ferromagnetic CogoFeio and antiferromag¬ 
netic Mn 8 oIr 2 o was set in during deposition of the mul¬ 
tilayers using an in-plane magnetic field iddep ~ 1 kOe. 
Other fabrication details are similar to those described 
in Refs. @ and 0. 

In addition to the multilayers, single-layer Py (10 nm) 
and CogoFeio (5 nm) films were prepared under identi¬ 
cal technological conditions. FMR measurements on the 
single-layer films were carried out to extract the mag¬ 
netizations of Py and CogoFeio layers and use them for 


subsequent multilayer-FMR modelling and characteriza¬ 
tion [e.g., using Eqs. (HU and mi 

The FMR measurements were performed using an X- 
band ELEXSYS E500 spectrometer equipped with an 
automatic goniometer. The operating frequency was 
/ = 9.44 GHz. FMR spectra for various in-plane dc- 
field angles were studied in the temperature range of 120 
to 400 K. 


B. Results and discussion 

1. Measured FMR spectra 

Fig. [2] (a) shows two typical FMR spectra for a 
Fi/f/F 2 /AF multilayer, for which the external magnetic 
field is parallel (solid line) or antiparallel (red dashed 
line) to the exchange bias field Hb (T = 300 K). The res¬ 
onance signals from both F 1 and F 2 layers are clearly visi¬ 
ble and are separated in field. As expected [see Eqs. dHD 
and dT^ ]. the resonance conditions for both layers de¬ 
pend on the mutual orientation of H and Hb [Fig.j^Kb)]. 
Consistent with the predicted behavior of Eq. CSD, the 
HJ 2 branch for F 2 extrapolates into negative fields [see 
Fig-ISIb)]. In the remainder of the paper we therefore dis¬ 
cuss and in-depth analyze only the HJ 2 resonance branch 
as regards the dynamics of the pinned Fg layer. 

To understand the details of how the interlayer ex¬ 
change coupling affects the spin dynamics of the free 
layer (Fi), the angular dependence of H^i was studied 
at various temperatures for various spacer thicknesses. 
The typical data shown in Fig. [3] indicate that the po¬ 
sition of the resonance peak is angle-dependent and this 
angular asymmetry becomes stronger as the temperature 
is lowered. At the same time, the H^i vs (j) dependence 
becomes more pronounced as the spacer thickness de¬ 
creases. For all the cases shown in Figs. [2] (b) and |3l 
each i7ri(</>) data set is well fitted using a model charac¬ 
teristic of a thin film with unidirectional anisotropy (solid 
lines in Fig. [2](b) and Fig. [3]). 

A more detailed analysis shows that there is an addi¬ 
tional small contribution from uniaxial anisotropy. The 
extracted uniaxial anisotropy field (^4 Oe) is weakly de¬ 
pendent on temperature and spacer composition. This 
contribution potentially originates from some ordered 
configuration at NiCu/Py interface formed during the 
multilayer deposition in a magnetic field iJdep (used for 
exchange pinning F 2 ). 
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FIG. 2. (Color online) (a) FMR spectra for Fi/Ni54Cu46(4.5 
nm)f/F 2 /AF for parallel (solid line) and antiparallel (red 
dashed line) orientations of the external magnetic field H 
with respect to the exchange biasing field Hh- The upper 
inset shows an enlarged view of the signal from Fi. (b) The 
dependence of the resonance fields of Fi and F 2 on the angle 
4> between H and Hh extracted from data sets such as those 
illustrated in (a). 


2. FMR modelling procedure 

Expressions m and (IT^ were used for calculating the 
temperature dependence of the resonance field asymme¬ 
try AiFi-i = for F 1 (Py), and of the resonance 

field HJ 2 for F 2 (CogoFeio). These expressions contain 
the values of the saturation magnetization Mi and M 2 
for the Py and CogoFeio layers, respectively, which are 
temperature dependent. The Mi{T) and M 2 {T) depen¬ 
dences, used in the data analysis to follow, are shown in 
Fig. m and were obtained from the FMR data taken on 
single-layer Py (10 nm) and CoggFeio (5 nm) films pre¬ 
pared under the same conditions as the multilayers. The 
Kittel’s formulas for isotropic thin film a^°i^^ were used to 
calculate the Mi(T) and M 2 (T) shown. 

The key quantity determining the behavior of A.H^i 
and is the spacer magnetization m, averaged over 
the layer thickness [see Eq. The spacer is ferromag¬ 

netic below the Curie point and nominally paramagnetic 


FIG. 3. (Golor online) Angular dependences of the resonance 
fields of the soft layer (Fi) in Fi/Ni 54 Cu 46 (d)/F 2 /AF with 
the spacer thickness d = 3 nm (a) and 6 nm (b). 
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FIG. 4. (Golor online) Temperature dependences of the mag¬ 
netizations of Py and CogoFeio layers obtained from the FMR 
data on the respective single-layered films. 


above it. It has previously been shown, however, that the 
proximity effect at the interface with a strong ferromag- 
net induces noticeable magnetization in a paramagnetic 
or weakly ferromagnetic metal and may give rise to an 
increase in its Curie pointi^ i^^'^^ The proximity length 
is an order of magnitude greater than the atomic spac¬ 
ing and for the case where the spacer thickness d is of 
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the order of a few nanometers, the induced magnetiza¬ 
tion penetrates through the spacer thickness4iS For this 
reason, to account for the proximity effect in our calcula¬ 
tions, it was assumed that (i) there is an additional field 
Hprox which acts on the spacer magnetization m and (ii) 
for the spacer sandwiched between strong ferromagnets 
Fi and F 2 , the Curie point differs from that in the 
bulk. 

The m(T, Ffpi-ox) dependence due to the prox¬ 
imity effect was modelled using the mean-field 
approximationji^i^ where the magnetization is described 
by the Brillouin function: 


-= BAm) = cosh 

Too 


6 ( Ci^ 


C2- 




T 


—^2 cosh 


f ^ ^ -ffprox 

42 1 y + 42 rp 


= 


2j 


'efF 


—•6 =--6 = ^^ 
2j j + lmo 


■(2 = vmo; (14) 


where j is the total angular momentum per Ni 3 ,CuiQo-x 
formula unit, mp is the saturation magnetization at 
T = 0 K, Hprox is the effective field reflecting the prox¬ 
imity effect at the interfaces with the strong ferromag¬ 
nets Fi and F 2 , and is the effective Curie tempera¬ 
ture. Coefficient v equals ^/{pNa), where p and p are 
the molar mass and density of Ni 3 ,Cuioo-xj respectively, 
IVa is the Avogadro constant, and fce is the Boltzmann 

constantji^i^i 

The coefficient v for our Nia;Cuioo-a; alloy was esti¬ 
mated to be near 8.2 x 10“® cm^ K erg“^ for x in the 
vicinity of 60 at.%. The initial values of j and toq were 
chosen based on the data calculated in Ref. d for bulk 
Ni^jCuioo-xj and the value of j was kept fixed through¬ 
out the analysis. Since the magnetization and Curie tem¬ 
perature of the Nia;Cuioo_x spacer are expected to differ 
from those in the bulk, specifically due to the proximity 
effect. Too was chosen as one of the variable parameters 
in fitting the experimental data. 

The proximity effect is expected to be most pro¬ 
nounced in the vicinity of Tq®. The ab-initio calculations 
of this effect for Fi/NFCuioo-a:(a;, d)/F 2 /AF at T ~ T^® 
were detailed in Ref. d- Based on a comparison of the 
values for the average magnetic moment (m) obtained in 
Ref. d and the mcaic(T) obtained using Eq. [TH it was 
found that mcaic at T ~ T^® is approximately equal to 
(m) for Ffprox ~ 100 kOe. This value of Ffprox was kept 
fixed in all subsequent calculations. 

Another important quantity affecting the spin dy¬ 
namics in the system is the exchange bias field 
i/b- Based on the magnetometry measurements on 
Fi/Ni 2 ,Cuioo-x(a;, d)/F 2 /AF reported in Ref. d, Ffp was 
obtained for a range of x and d values (for 300 K). These 
and the additional data reported in Ref. d make it pos¬ 
sible to conclude that for our samples with a; > 52, 
is only weakly temperature dependent. The calculation 
therefore assumed = const. The specific fixed j 


and Hb values used in the calculations, among other pa¬ 
rameters and variables, are presented in Table HI 

Summarizing, the variable parameters used to fit the 
theoretical AH,-i{T) and to the experimental 

data were the effective Curie temperature (Tq®) and sat¬ 
uration magnetization at T = 0 (mg) of the Nia;Cuioo-x 
spacer, as well as the characteristic magnetic exchange 
length (A). It will be shown below that for the case un¬ 
der study, the resulting values of A are about two times 
greater than the spacer thickness d. This is within the 
limits of the approximation d <C A used in the analysis. 


3. FMR data analysis 

Figs. 0 (a) and (b) show the temperature dependences 
of and h '^2 foe Fi/Ni54Cu46(d)/F2/AF sam¬ 

ples obtained from the measured FMR spectra as well as 
the respective theoretical fits using the above analysis. 
A good agreement between the experiment and theory is 
obtained for realistic values of the fitting parameters. 

The temperature dependence of the spacer magneti¬ 
zation m/mo obtained from fitting the resonance fields 
is shown in Fig. O (c) for different values of the spacer 
thickness. The proximity of the strongly ferromagnetic 
layers Fi and F 2 has essentially no effect on the low- 
temperature magnetization of the spacer but is the dom¬ 
inant factor determining its effective Curie point T^®. 
The changes in Tq® strongly depend on the spacer thick¬ 
ness: the smaller the d and, therefore, the stronger the 
proximity effect of the interfaces, the higher the Tq®. 

Fig. [6] (a, b) shows the measured resonance fields 
and ^^ 2 ^^ as a function of temperature 
for Fi/Ni,jCuioo-x(6 nm)/F 2 /AF with different Ni- 
concentration in the spacer, fitted to theory using 
Eqs. m and m- The agreement is good, includ¬ 
ing the case of the highest Ni-concentration with non- 
monotonous temperature dependence of the resonance 
field asymmetry (70 at.% Ni in Fig. [6] (a)). 

The dependence of the spacer magnetization on tem¬ 
perature extracted from fitting the data in Figs. [6] (a, b) 
is shown in Fig.[S](c) for different Ni-concentration of the 
spacer. It is clear in this case that the proximity of the 
strongly ferromagnetic outer layers affects both the low- 
temperature magnetization mg and the effective Curie 
point Tq® of the spacer - the greater the x, the higher 
the mg and T^®. 

Having performed the data analysis, it is now informa¬ 
tive to discuss the accuracy of the theoretical assumption 
made in Section 2 in describing the spin dynamics in an 
Fi/f/F 2 /AF spin-thermionic system. One key assump¬ 
tion was that the magnetization vectors of the Fi and 
F 2 layers are parallel to the external field H and perform 
only weak oscillation under the influence of the alternat¬ 
ing field component h. This assumption is strictly correct 
for the case where H is parallel to i/g, but the opposite 
antiparallel case {H '|'4' H\A) must be considered with care. 
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TABLE I. Magnetic parameters of Fi/NLCuioo-a:(a:, d)/F 2 /AF multilayers. 


X (at.% Ni) 

d (nm) 


77b (Oel^ 

Tf (K) 

mo (emu/cm®) 

A (nm) 

0.54 

3.0 

0.19 

180 

450 

120 

11±2 

0.54 

4.5 

0.19 

240 

320 

120 

11±2 

0.54 

6.0 

0.19 

300 

250 

120 

11±2 

0.62 

6.0 

0.21 

280 

350 

140 

12±2 

0.70 

6.0 

0.23 

210 

550 

150 

13±2 


® Values calculated from data of Ref. under assumption that Lande g-factor equals 2. 
Values obtained from magnetic hysretesys loops at room temperature of Ref. 


Fj/Ni54Cu4g(cO/F2/AF 
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FIG. 5. (Color online) Temperature dependences of 
(a) and H ^2 (b) for Fi/Ni 54 Cu 46 (d)/F 2 /AF samples for three 
spacer thicknesses (symbols). Bold solid lines show theoretical 
and vs T dependences fitted to the measured 
data using Eqs. m and (O, respectively, (c) Temperature 
dependence of the normalized spacer magnetization m/mo 
obtained using the above fitting of the resonance fields. 


The values of iLb for Fi/Nia;Cuioo-a:(ai, d)/F 2 /AF mul¬ 
tilayers are listed in TableJH As follows from the M — H 
data presented in Refs. I^and |^, the magnetization of 
the Fi/f/F 2 /AF multilayer fully saturates when the ap¬ 
plied reversing field Fff'l exceeds (1.2 -F 1.5) times H\^. 
Thus, the above assumption should be valid when both 
resonance fields, and are higher than (1.2 -F 


Fi/Ni^Cu,o(,_^(6 nm)/F2/AF 



FIG. 6. (Color online) Temperature dependences of 
(a) and HJ 2 (b) for Fi/NbCuioo_a;(6 nm)/F 2 /AF samples 
for three Ni concentrations (symbols). Bold solid lines show 
theoretical and HJ 2 vs T dependences fitted to 

the measured data using Eqs. d and (1131) . respectively, (c) 
Temperature dependences of the normalized spacer magneti¬ 
zation m/mo obtained using the above fitting of the resonance 
fields. 

1.5)iLb- For the samples under study, is greater 
than 900 Oe, so the first condition, > (1.2 -F 1.5)iLb, 
is well satisfied. The data in Figs. [5] and [6] indicate that 
the second condition, > (1-2 d- 1.5)iLb, is also well 
satisfied for temperatures above ^ 180 K. 

The developed approach, combining theory and ex- 
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FIG. 7. (Color online) Dependence of the effective Curie point 
Tc® of the spacer Nij^Cuioo-a: on its thickness d (at fixed com¬ 
position a: = 54 at.% Ni) and Ni content x (at fixed thickness 
d — 6 nm). 


periment, makes it possible to extract and analyze the 
thickness and composition dependence of the character¬ 
istic parameters of the spacer, which are summarized in 
Table H 

Fig. [7] presents the model-extracted dependence of the 
effective Curie point of the spacer on its thickness 
d and Ni content x. We conclude that small variations 
in both d and x result in significant variations in T^®. 
We also note that the values of the Curie temperature 
of Nia;Cuioo-x sandwiched between strong ferromagnets 
are much greater than the corresponding values in the 
bulk form of this diluted magnetic alloy - fa 120 

K and 300 K for a; = 54 and 70 at.% Ni, respectively)^. 


Ferromagnetic resonance properties of Fi/f/F 2 /AF 
multilayers, where spacer f has a low Curie point com¬ 
pared to strongly ferromagnetic Fi and F 2 , have been 
analyzed theoretically and investigated experimentally. 
The spacer-mediated exchange coupling is shown to 
strongly affect the resonance helds of both Fi and F 2 
layers. It is found that the key magnetic parameters of 
the spacer which govern the magnetic resonance in the 
system are the magnetic exchange length (A), the effec¬ 
tive saturation magnetization at T = 0 (mo), and the 
effective Curie temperature (T^®) of the spacer. 

By theoretically fitting the measured FMR data, the 
values of A, mo, and T^® are obtained for the technolog¬ 
ically significant ranges in Ni-concentration (a; = 54 -7 70 
at.% Ni) and thickness (d = 3 4-6 nm) of the spacer. 
The values thus obtained are entirely different from the 
corresponding quantities in the bulk. The developed ap¬ 
proach to spin dynamics in the system enables such de¬ 
tailed quantitative characterization that is otherwise is 
difficult or impossible obtain in terms of direct measure¬ 
ments due to the built-in strong proximity effect. 

The inferred magnetism in the key element of the struc¬ 
ture - the spacer, acting as an interlayer exchange-spring 
- shows a great sensitivity and thereby high tunability 
of its properties versus the degree of magnetic dilution, 
geometry, and temperature. These results should be use¬ 
ful for designing high-speed nanodevices based on spin- 
thermionic control. 
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